Abstract. This paper describes the role of oxygen vacancy self-patterning on fatigue in ferroelectric thin-film memories. It also comments briefly on the related problem of nano-electrode self patterning on the surface of ferroelectric thin films. And it suggests a pedagogically simple explanation of the factor of a million in reduction of the effective Richardson coefficient A* for ferroelectric thin films.
I INTRODUCTION AND ATOMIC-SCALE EFFECTS
Very recently Dawber and Scott [1] have shown that an analytic expression for fatigue -the decrease in switched charge P(N) in a ferroelectric subjected to N repetitive bipolar voltages -can be derived that accounts for the dependence of P(N) upon temperature T (Fig. 1 ), voltage V (Fig. 2) , and especially frequency f (Fig. 3) .
Their model was stimulated initially by earlier theories from Arlt et al. [2] that emphasized preferential electromigration of oxygen vacancies in perovskite oxides, and by the observation by Brennan [3] that only certain geometries of ordered oxygen vacancies could effectively pin ferroelectric domain walls. The dominant role of domain wall pinning and de-pinning in ferroelectric fatigue was first shown by Scott and Pouligny [4] . It had not been recognized, however, during the course of these developments of a theory of fatigue based upon self-patterning of oxygen vacancies that such self-organization was already well documented in perovskites [5] [6] [7] .
As shown in Figure 4 , the presence of an oxygen vacancy in a perovskite makes it more likely that a second vacancy will form on an adjacent site, leading to the rapid growth of vacancy chains along certain crystallographic directions. These chains subsequently develop into two-dimensional [2D] arrays capable of pinning ferroelectric domain walls. The [2D] structures are an ordered phase, and their selforganization is a phase transition, as described in some detail by Khachaturyan [8] . At relatively low oxygen vacancy concentrations of 6 or 7% a 2x2x1 superlattice develops from the original Z=1 formula group of the ABO 3 perovskite [9] .
The idea that fatigue in ferroelectric thin-film memories is due to a phase transition is a paradigm shift in the Kuhnsian sense [10] , and will be developed in detail elsewhere.
II SELF-ASSEMBLY OF NANOELECTRODES FOR GBIT MEMORIES:
In addition to the atomic scale self-ordering discussed in Section I above, ferroelectric thin films also exhibit mesoscale patterning of excess bismuth into surface islands of nanoscale (ca. 100 nm) dimension. Bismuth-containing ferroelectrics percolate excess Bi to the surface where it forms metallic islands in forming gas or the δ-phase of Bi 2 O 3 in air, as shown in Figures 5 and 6 [11] .
Using the Wakayama-Tanaka model of "droplet epitaxy" [11] , which requires an endothermic eutectic for the dissolved metal bismuth to separate out of the FIGURE 1. P(N,T) in lead zirconate titanate (PZT), theory (solid line) and experiment [1] ; the theory is calculated from independently determined parameters and is not a fit to the data, which are from Mansour et al. at Purdue Univ. dielectric into nanoelectrodes on the surface (as in Si:Ag and Si:Au) the droplet size for Bi nanoelectrodes can be estimated, in good agreement with experiment, from the Rayleigh-Thomson criterion [12] as (esu)
where s is the surface energy for Bi liquid (53 ergs/cm 2 ) and V the contact potential at the Bi/FE interface (0.5 V = 1.7 x 10 −3 statvolts). This relationship is derived in detail by Kubo [13] , and is strongly dependent upon the d.c. dielectric constant of the liquid bismuth. It explains why drops condense around charged defects VI site V site IV site monomer dimer trimer anion vacancy FIGURE 4. Vacancy chain growth in perovskite oxides [7] . of the underlying single-crystal Si substrate.
III MODIFIED RICHARDSON COEFFICIENTS A* IN BST/PT:
Nano-scale self-patterned ferroelectric films do not generally exhibit the same kind of leakage currents as do larger-area films. For example, nanophase Bi 2 O 3 -electroded Bi 4 Ti 3 O 12 exhibits perfectly space-charge-limited currents. As a result, it is particularly important that as we try to develop Gbit FRAMs, we understand quantitatively the leakage current behaviour.
It has been established experimentally in BST films on Pt and other electrodes that the dependence of leakage current upon electrode metal (and hence contact potential) is that of Schottky junctions, although the Richardson coefficient A* at an applied voltage of ca. 3V is about a million times smaller experimentally than predicted from Schottky theory [14] . It was pointed out that [15] this situation was well analyzed many years ago by Geppert [16] and by Simmons [17] and arises primarily from the fact that the electron mean free path λ in BST is much less than the Schottky barrier width, contrary to Schottky theory, which assumes it is much greater. The BST/Pt barrier width w was determined experimentally to be 5±2 nm by Scott [18] at V = 0 and by Dey [19] to be 6.4 nm at V = 0, increasing to 38 nm at ca. 10V across 200 nm. The mean free path for electrons in BST is less well known but is expected to range from 0.1 nm to 1.0 nm and be linear in voltage for small voltages [20] . Let us take the average of this range as λ = 0.5 nm, whence λ/w = 1/13.
Let us use these numbers to make a very simple estimate of the magnitude of the effective Richardson constant reduction in BST. Although only an estimate numerically, this is pedagogically useful and will give students a good physical idea of the origin of the large reduction factor.
The problem is that the mean free path of an electron in BST (or any other material) is not a sharply peaked function. Rather it satisfies a distribution according to
from which the integral from zero to infinity of xn(x) is λ. In our case let us assume that only those electrons with mean free path λ > w penetrate through the Schottky barrier and that the others suffer one or many scattering events and are eventually reflected back into the electrode or are "lost" within the 6.4 nm Schottky barrier (eventually causing heating discussed by Scott [21] and contributing to a pyroelectric response at the interface). The fraction reaching across the BST Schottky barrier is thus approximately the integral from w to infinity of n(x) in Eq.1 above, which is ca. exp(−w/λ) = e −13 = 10 −6 , in agreement with experiment.
